3D Characterization of Bedrock Features: A Natufian Case Study
A human skeleton on the rim of a deep bedrock mortar. Locus 1, Raqefet Cave. Photograph by D. Nadel. (Nadel and Lengyel 2009) . In the Near East they first appear in Natufian sites (ca. 15,500-11,500 cal b.p Nadel and Rosenberg 2010; Rosenberg and Nadel 2011a; Rosenberg et al. 2010; Terradas et al. 2013) .
M ortars, bowls, cupmarks, cupules, and similar features hewn into bedrock are hereby termed bedrock features

.). They are found on cave floors and in open-air sites, in all ecological and geological settings
Although the earliest examples were reported at el-Wad (Mt. Carmel) almost 80 years ago (Garrod and Bate 1937: 11, pl. V) , their documentation and analysis were somewhat neglected in comparison to the study of other Natufian material remains. Their importance is apparent, however, as they are numerous in various sites (e.g. 100 or more) and it must have taken time, energy, and skill to produce them. Furthermore, according to numerous ethnographic examples, bedrock features played a pivotal role in food processing (e.g. acorns, mesquite) in many Native American cultures in the Southwest (Besgall 1987) .
Thus, the large numbers and typological variability of bedrock features in Natufian sites have commonly been interpreted as evidence for the intensification of Natufian reliance on plant resources. As the Natufian culture represents the first sedentary or semi-sedentary communities in the Near East, the study of the associated bedrock features is of particular importance for reconstructing Natufian economy. During the next phase, the Pre-Pottery Neolithic A (ca. 11,500-10,500 cal b.p.), the typological variability narrows down and we see mainly small mortars and cupmarks, in many cases hewn into flat slabs set on house floors (Rosenberg and Nadel 2011b) . This shift in forms, no doubt, reflects changes in subsistence patterns and technological adaptations to new ways of food processing, and maybe even the consumption of new species (Wright 1994) ; it probably also reflects changes in the spatial organization of food handling (Rosenberg 2008) .
Moreover, many large boulder mortars are found associated with Natufian burials, reflecting the symbolic attributes assigned to massive stone mortars by the Natufians (see Rosenberg and Nadel in press) . At Raqefet Cave, bedrock mortars are also associated with burials, again indicating how important they were for past local communities.
There is a growing interest in Natufian and Pre-Pottery Neolithic A bedrock features in recent years. In Israel, work focused on sites on Mt. Carmel, including Raqefet Cave (e.g. Nadel and Lengyel 2009; Nadel et al. 2009a) , Nahal Oren (Nadel and Rosenberg 2011) , and Ornit Cave (Rosenberg and Nadel 2011a) . Work was also carried out in Jordan (Johnson et al. 1999 ; Rich-ter and Maher 2013), the Lower Jordan Valley (Nadel et al. 2013; Rosenberg et al. 2010) , the Negev (Goring- Morris et al. 1999; ), and Syria (Terradas et al. 2013 ). Yet, the high-resolution documentation and characterization of bedrock features, especially the deep narrow ones (some over 60 cm deep), was limited to due inadequate methods used in the field. So far, these features were usually hand-drawn, a method with many shortcomings. We hereby describe a new approach using photogrammetry, 3D modeling, and geometric analyses, integrating new recording measures and analytical tools to the study of these important archaeological features. It is the aim of this paper to present our documentation and analysis methods, and by using a case study from Raqefet Cave provide new analytical options for intra-site, intersite, and inter-culture comparisons and analyses.
Photogrammetry and 3D Modeling
As used for field documentation in archaeology, the first step in photogrammetric work is to photograph the object under study. Images are taken from various directions, angles, and ranges, in order to cover all components of the bedrock feature (e.g. surrounding natural rock surface, the rim, and the interior of the feature). A Nikon D-70s camera with a 24 mm f/2.8 lens was used. The camera was calibrated in order to maintain a high level of accuracy. Sets of scale bars and reference points around the feature were used for scaling and orientation. By using specialized software, aimed to reconstruct the object's shape from image-set data, a high-density 3D point cloud was created. The point cloud pertaining to the bedrock feature was separated and became the basis of a scaled 3D model. It is this model that is analyzed for a variety of properties such as upper diameter and shape, horizontal and vertical cross-sections, depth, volume, and symmetry. For a feature ca. 50 cm deep, dimension errors are on the scale of 1-3 mm. Several software programs were tested for the mortars' reconstruction yielding both dense and accurate results. The present reconstruction was performed with the online Autodesk 123D Catch software (http:// www.123dapp.com/catch).
The Raqefet Cave Study
Raqefet Cave (Mt. Carmel, Israel) is a Natufian site with a graveyard in the first chamber (Nadel et al. 2013) . About 100 bedrock features of a wide variety of types were found in the first chamber and on the terrace in front of the cave ( fig. 1) . Some are adjacent to the graves, and in one case a human skeleton was found on the rim of a bedrock mortar. Three deep narrow mortars were found in the first chamber, and mortar XVIII is used here as a case study to demonstrate our methods of analysis.
Bedrock mortar XVIII is a deep (54 cm) narrow vessel hewn into the cave floor in the first chamber near the entrance to the cave ( fig. 2) . This is the most preserved mortar in terms of the completeness and smoothness of the shaft's surface. Using photogrammetry, the reconstructed mortar face is documented by 4,935 points, equivalent to an average of 2 points per cm 2 (figs. 3a-b). The rim measures 22.2X17.7 cm, with an area of 368 cm 2 . The mortar's volume is 5,667 cm 3 . We studied the vertical and horizontal cross sections in order to document the symmetry and regularity of the feature. For example, as the rims of bedrock features look very regular and symmetrical, we tried to assess their regularity by fitting them to a circle or an ellipse. In this case, the rim's shape fits very closely to an ellipse, with ±3 mm accuracy. We established the longitudinal symmetry of the mortar by comparing the center of mass and axis of symmetry to the vertical axis that passes through the mortar's base. The maximum distance from the axis to the center of volume is 7 mm and the angle between both axes is 0.6° (fig.  4) . The results indicate that the mortar is highly symmetrical. Furthermore, similarity between the three vertical cross-sections (as examples) is very high in terms of reflective symmetry ( fig. 5 ). One should remember that some deviations are the result of natural stone cracking and erosion.
The horizontal cross-sections along the shaft are all oval in shape (fig. 4) . The centers of all these sections are approximately 1 cm from the vertical axis that runs vertically from the bottom of the mortar to the top. The offsets are 6 mm, 7 mm, and 11 mm, indicating a twist along the shaft. We studied the conformity of the shaft's surface to bi-quartic and cone surfaces. The fitting accuracies are 3 mm and 5 mm, respectively.
Photogrammetry and Bedrock Feature Studies
The importance of bedrock features has been established ethnographically and archaeologically in the study of food and mineral processing as well as symbolic and ritual behavior (Fowles 2009) . It is thus imperative to characterize these bedrock features, analyze them in detail, and map them within their settings and contexts. Here, we address the procedure of using photogrammetry to construct a high-resolution 3D model of a complex deep mortar, which serves as the basis for establishing a range of dimensional and geometric data; these data can then be used to assess production and utilization techniques, as well as similarities and differences between mortar specimens.
Photogrammetry proved to be a very quick and cheap method for the documentation of in situ archaeological features, which could not be taken to a laboratory for further analysis. The currently available software programs provide point clouds and 3D models in a short period of time. These two aspects make the method very appealing to archaeologists.
Furthermore, while photos and hand-drawings might be good enough for 2D characterization of a simple or flat object, they are not adequate for accurate documentation and analysis of complicated features, such as vessels/containers/cavities, especially ones hewn in bedrock and cannot be brought back to the lab. We suggest that in such cases, the characterization of the feature should include more than basic measurements (top diameter and depth, for example). Basic documentation of bedrock features should include parameters such as metrics, volume, symmetry, and fitness to best capture geometric shapes and volumes.
Only when a sufficient number of bedrock features from several sites and various contexts and cultures are accurately characterized can we advance to the next level. Once the proper documentation of these features becomes a regular procedure, it will be possible to conduct a variety of intra-and inter-site studies. Then, new insights into manufacture and utilization could be reached. Furthermore, changes through time and space could be followed, analyzed in detail, and incorporated in the larger schemes of cultural history within a region and beyond. 
